The growth rate of maize leaves has been investipted for plants grown in pots in controlled conditions and subjected to slow drying over a period of days. The elongation of leaves experiencing water deficit was inhibited primaily during the afternoon. No decrease in the turgor of the growing cells could be detected at that time. Solute concentration in the growing cells increased in tissue experiencing water deficit, but this was shown to occur after the growth rate had fallen. Calculations of the rate of solute accumulation necessary to maintain these concentrations indicated that the rate was less in slowly growing than in rapidly growing cells. The growing tissue of well-watered leaves excreted protons into the apoplastic space, but this acidification decreased in tissue exposed to water deficit. The pH of the apoplastic space correlated with the growth rate of the tissue. In vitro acidification of isolated, frozen-thawed tissue, maintained under constant tension, increased wall extensibility. The results suggest that one role of proton excretion may be to promote wall-loosening events necessary for cell enlarement, and that inhibition of this process may have reduced growth rate in leaves exposed to water deficit.
The elongation rate of cereal leaves is quite sensitive to plant water status. Small reductions in the water potential of the root medium immediately decrease the growth rate of maize (1) and barley (22) leaves. Similarly, increased evaporative demand immediately slows the growth rate of wheat leaves (8) . Longer term experiments in which plants are subjected to soil drying also demonstrate a close relationship between growth rate and leaf water potential (3, 20, 25) . Although it might be assumed that lowered water potential acts to reduce growth rate ofcereal leaves by decreasing cell turgor, efforts to demonstrate this have not been successful. On the contrary, it has been found that growing cells in cereal leaves respond to low water potentials by lowering solute potential and in this way maintaining cell turgor (22, 25) .
These results suggest that some other factor besides turgor is limiting leaf elongation at low water potential.
Recent work on the cellular regulation of dicotyledonous leaf expansion has shown that the growth of etiolated leaves is restricted by cell wall stiffness (31) . Illumination of primary bean leaves stimulated the rate of cell enlargement by causing the cells to acidify the cell wall space. This acidification resulted in wall loosening and allowed growth rate to increase. As a consequence, leaf turgor actually decreased (32) . In this case, no changes in other cellular parameters regulating cell enlargement (hydraulic conductivity or wall yield threshold) were detected.
The present study proceeds from the work of Michelena and Boyer (25) , in which maize plants grown in pots were allowed to 'Supported in part by National Science Foundation Grant PCM79-09790 to J. S. B.
dehydrate over a period of days. In an effort to determine the cause of the decreased growth rate caused by water deficit, we asked two types of questions. First, was the high solute concentration which developed in drying leaves in itself inhibitory to leaf growth? Second, did cell wall extensibility change? The ability of growing cells to acidify their apoplastic space was determined, and the effect of the acidification on wall extensibility was measured. While the results do not provide a mechanism for the inhibition ofgrowth, they suggest that an important effect of low water potentials is to impair the ability of growing cells to excrete acid, and that acidification may be involved in the regulation of cell elongation for monocotyledonous leaves. The capacity of cell walls to extend in the presence of acid was determined by placing frozen-thawed leaf strips under 10 g constant tension and measuring extension over time with a position transducer before and after strips were acidified (31) . The strips were first surrounded by neutial buffer, 10 mM Kphosphate (pH 7.0) until the initial extension was complete (30 min). Then the buffer was replaced by 10 mm K-phosphatecitrate (pH 4.5). In some cases, the cuticle was very lightly abraded with emery powder before the section was cut.
MATERIALS AND METHODS
The ability of the growing cells to acidify the apoplastic space was determined by placing leaf pieces, or in some cases intact plants with the outer four leaves removed, into a humid chamber, and lowering a combination pH electrode (Ingold No. 14043, Ingold Electrodes, Inc., Andover, MA) into a 0.1 ml drop of 1 mm K-phosphate-citrate (pH 6.0) directly on the surface of the elongating tissue. The cuticle was not abraded, because experiments described above indicated that it provided only a very slight barrier to proton movement which at most would delay the detection of the change in surface pH by a few minutes. Figure 3 . This diurnal run was repeated two times with similar results.
water potentials.
The leaves grew faster during the day than during the night (Fig. 2) , perhaps because the days were warm (30C), and the nights cool (20°). This has also been reported for rice (14) and wheat (8) . The inhibition of growth caused by withholding soil water occurred primarily during the latter part of the day. There was little diurnal variation in water or osmotic potentials in elongating tissue of well-watered plants (Fig. 3) . However, in plants experiencing significant water deficit (5 d), both water and osmotic potentials began to decrease over the diurnal period. As a result, the turgor did not vary, either diurnally or with progressive water deficit (inset, Fig. 2 ). These results confirm the conclusion presented previously (22, 25) that growth is apparently not limited by lack of turgor during the early stages of water deficit in elongating regions of leaves of grass species.
The inhibition of growth that first appeared during the latter half of the 3rd d was not associated with osmotic adjustment since the osmotic potential measured at this time of day had not declined (Fig. 4) . Therefore, the inhibition of growth preceded the change in osmotic potential.
The osmotic potential of cells depends on the rate of solute uptake and use. Because cells enlarge in the growing region, changes in osmotic potential also can be associated with changes in the volume of water in the cells. We calculated the rate of increase in solute content necessary to account for the observed osmotic potentials by measuring the osmotic potential before and after a given time, and correcting the values for changes in cell size (32) . During midday, growth rate differed for plants experiencing varying degrees of water deficit (Fig. 2) such that the increase in cell volume in 4 h for well-watered tissue (65%) was larger than that of the drier tissue (-3 d, 29%; -5 d, 6%) (Table I ). However, despite the differences in the rate at which water entered these cells, the osmotic concentration of the cells did not change significantly except for the driest tissue. As a result, the solutes necessary to maintain the osmotic potential must have accumulated more slowly in the cells at low water potentials than at high water potentials. This is shown by the rate of change in solute content calculated in Table I, well-watered cells accumulated solutes faster than those cells experiencing low water potentials (1.8 and 2.1 times faster than cells in plants 3 and 5 d without water, respectively). The calculations support the idea that osmotic adjustment was not due to an increased rate of solute accumulation, but rather to decreased rate of water uptake. In fact, it appears that the rate of solute accumulation was decreased by water deficit.
Changes in Apoplast Acidification. The surface pH of tissue from the elongating region of well-watered leaves was slightly less than pH 6.0 when the tissue was maintained in the dark (Fig. 5) . Illumination of the tissue caused the leaf surface to be acidified after an initial increase in surface pH lasting 30 (Fig. 5) .
After 2 h, the surface pH of well-watered tissue was always more acidic than that of the samples from leaves exposed to low water potentials (Fig. 6) . Furthermore, the decreased pH obtained after 2 h was directly correlated with growth rate of the tissue before it was sampled.
Acidification, in vitro, of isolated cell walls placed under constant tension caused the walls to become more extensible (Fig.  7) . This response occurred immediately for leaf strips which had been lightly abraded to puncture the cuticle, a barrier to proton movement in some stem tissue (16) . A similar response was observed after a slight delay (5 min) for tissue with unabraded cuticle, indicating that the cuticle is actually very thin in this tissue.
This demonstration showing that acidification ofisolated walls under tension increased wall extensibility (Fig. 7) , in conjunction with the results correlating growth rate with wall acidification (Figs. 5, 6 ), suggests that the more acidic cell walls of wellwatered tissue should be more extensible than those of tissue at lower water potential when measured by the Instron technique. Measurements of wall extensibility consistently showed a slight but not significant difference between well-watered and drier tissue (Table II) .
DISCUSSION
Many tissues adjust osmotically in response to desiccation treatment (30) . As a result, turgor is partially or completely maintained in these tissues. On the other hand, growth often is inhibited even though turgor maintenance is complete, especially in stem and leaf tissue (23, 25) . In roots, growth may be rapid under these conditions and it has been suggested that osmotic adjustment does in fact maintain growth of root tissue (17, 29 (24) at low water potentials and from wheat leaves treated with increasing NaCl, where decreased water uptake was accompanied by subsequently decreased salt uptake (I15).
For many tissues, it has been demonstrated that increased rates of growth are often due to acidification of the apoplastic space (12, 26, 31) . The acidification is necessary for growth to occur, and its effect is to cause loosening ofthe cell walls. Recently, the geotropic curvature ofdicotyledonous stems has also been attributed to asymmetric acidification which causes one side of the stem to grow faster than the other (27, 33) . Data presented here suggest that the growth of monocotyledonous leaves may also be occurring by the acid-growth mechanism. Growing cells normally acidified the apoplastic space (Fig. 5) , and isolated cell walls from the growing region became more extensible under constant stress when they were acidified (Fig. 7) . Water deficit limited the rate at which acidification occurred, and growth rate was correlated with the pH of the walls (Fig. 6 ). Not only do these results suggest that growth of maize leaf cells is mediated by proton excretion, but they also indicate that an important effect of water deficit is to impair this acidification process. Similar results have been reported for oat coleoptiles in which inhibition of growth by incubation in mannitol solutions was accompanied by decreased proton excretion (1 1, 21) .
It may be possible to account for the decreased acidification in tissue experiencing water deficit on the basis of feedback inhibition of a solute uptake mechanism, which is one of the possibilities suggested by the calculations in Table I . Ifa majority ofthe solutes accumulated in the growing cells are taken up from the apoplast, it is possible that decreased solute uptake might be accompanied by decreased proton excretion, as many transport mechanisms are proton driven (19, 28) . This would mean that the decreasing ability of leaf tissue to acidify the apoplast as shown (Fig. 6) could be an indirect result of decreased solute transport. Alternatively, decreased proton transport may have been the primary act, and solute transport a result of the decreased proton transport.
It has been suggested previously that in similar situations an undetectably small drop of turgor may, in fact, be the cause of growth inhibition (22, 24, 25) . Such a small drop would be important if the yield threshold of the cell walls were close to the turgor existing in the cells. For example, sunflower leaves have been shown to need at least 6.5 bars of turgor to grow, but normally had several bars in excess of this critical value (2) . This situation has also been proposed to exist in growing coleoptile cells (9, 18) . This would suggest that turgor pressure could fluctuate over a range of several bars with a corresponding fluctuation in growth rate, and that growth would not stop until several bars of turgor had been lost. If, however, yield threshold in growing maize leaf cells exists within 0.5 bar of the turgor maintained in the cells, a drop in turgor of 0.5 bars would completely inhibit growth, but be undetectable by the techniques used here.Therefore, it is possible that a small drop in turgor is, in fact, the initial event that results in decreased growth of leaves experiencing low water potentials.
It is possible that the psychrometric measurements of water potential and turgor in excised leaf tissue are in error due to wall relaxation in the absence of water uptake by the growing cells. Direct (pressure probe) measurements ofturgor in pea stems (13) have shown that 1.5 to 2.0 bar pressure is lost upon excision. If Acid-induced extension isolated cell walls. Leaf strips were cut from the growing region of well-watered leaves, frozen-thawed, and placed under 10 g constant tension. Change in length was measured by position transducer while the pH of the incubation medium 10 mM Kphosphate, was changed from 7.0 to 4.5 (at arrow). Traces are representative of abraded (-) and unabraded (---) tissue, and tissue maintained at pH 7 (--. 
